The intestinal epithelial cell layer has several functions, including signal recognition/transduction, barrier function, and the production of bioactive compounds, 1) but nutrient absorption is the most well-known of these functions. Several absorption mechanisms have been reported, including energy-dependent active transport, 2) transcytosis, 3) passive diffusion, 4) and paracellular transport. 5) Active transport uses pumps driven by ATP hydrolysis or membrane potential to transport nutrients such as monosaccharides, amino acids, peptides, monocarboxylates, water-soluble vitamins, and minerals against the concentration gradient. Transcytosis is a specific type of active transport that transports high molecular weight materials such as immunoglobulins and nanoparticles. These molecules are incorporated into endosomes on the apical side of the cell membrane, transferred to the other side of the membrane, and released to the basolateral side by exocytosis.
In contrast to active transport, passive transport relies on concentration gradients rather than energy production to move molecules. One type of passive transport system is simple diffusion, which is driven entirely by a concentration gradient. Another is facilitated diffusion, which requires ATP-independent carriers. Lipophilic nutrients such as lipid-soluble vitamins, carotenoids, and cholesterol are absorbed via simple diffusion, while hydrophilic nutrients like minerals and monosaccharides are absorbed via facilitated diffusion in the intestinal epithelium. However, there are instances in which nutrients of the same group, e.g., monosaccharides, can be transported by different pathways, which indicates the complexity of nutrient absorption.
Carotenoids, well-known functional phytochemicals with several health-promoting functions, are a group of red, orange, or yellow pigmented hydrocarbons synthesized by prokaryotes as well as some plants and algae. Six carotenoids have been detected in human serum: -carotene, -carotene, lutein, zeaxanthin, lycopene, and -cryptoxanthin (-CRX).
6) Among these, -carotene, -carotene, lutein, and zeaxanthin are found in large quantities in green and yellow vegetables, such as carrots, spinach, and corn, and lycopene is found in tomatoes. Due to the prevalence of these five carotenoids in the diet, their bioavailability has been assessed in multiple ways. [7] [8] [9] [10] [11] In contrast to the carotenoids described above, consumption of -CRX is generally very low, especially in the Western population. -CRX is found only in a few foods and at much lower concentrations than the other abundant carotenoids. 12) Improving the absorption efficiency for -CRX would thus be beneficial to the health. [13] [14] [15] Emulsifiers and surfactants are extensively used in pharmaceutical formulations to improve the absorption of poorly soluble drugs. Various mechanisms for the drug-absorption enhancing effects have been proposed. 16) In this study, we examined the absorption characteristics of -CRX and the enhancing effect of emulsification on the bioavailability of -CRX. We conducted in vivo studies with repeated single administration of -CRX in humans, and also carried out in vitro permeability assays using human intestinal Caco-2 cells to evaluate and clarify the absorption characteristics of -CRX and its fatty acid ester with and without emulsification.
Materials and Methods
-Cryptoxanthin. -CRX derived from Satsuma mandarin is a mixture of the fatty acid esterified and the non-esterified form. They are denoted esterified and free -CRX, respectively, in this report. Figure 1 shows the chemical structure of free and esterified -CRX.
Synthetic free -CRX was purchased from Extrasynthese (Lyon, France). Esterified -CRX was isolated and purified from Satsuma mandarin extract by the following procedure: Satsuma mandarin was extracted with ethanol and concentrated by vacuum evaporator. The resulting concentrate was re-extracted with hexane and applied to a pre-packed silica column, Sep-Pak (Waters, Milford, MA). Esterified -CRX bound to silica was eluted with hexane containing 1% and 2% (v/v) ethanol. The esterified -CRX recovered was concentrated and used in subsequent experiments.
HPLC analysis. -CRX was quantified by HPLC using a Cosmosil 5C18-AR-II column (4:5 mm Â 150 mm; Nakarai, Tokyo) at 35 C, at a flow rate of 0.75 mL/min with running solvent, ethanol:H 2 O (95:5).
-CRX and its fatty acid esters (laurate, myristate, and palmitate) were eluted by increasing the ethanol gradient, and were detected by the absorbance at 450 nm, with synthetic -CRX as free -CRX standard.
Preparation of -cryptoxanthin formulations. Fresh Satsuma mandarin fruits (cultivar Aoshima, produced in Kagawa, Japan) and fresh Satsuma mandarin juice (Nihon Kajitsukogyo, Yamaguchi, Japan) were used as sources of -CRX in the human trials. An emulsified -CRX formulation was purchased from Unitika (Osaka, Japan), which was prepared using the Satsuma mandarin ethanol extract. It contains 5% Satsuma mandarin extract, 5% triglyceride, 76% glycerol, 9% polyglyceryl fatty acid esters, and 5% water.
The -CRX content of the fruit (the edible part) and the juice were measured at 0.83 mg/100 g and 0.6 mg/100 mL respectively. The emulsified formulation contained -CRX at 5 mg/100 mL, which was 10 times diluted with water before use. These three preparations showed the same ratio of free to esterified form, approximately 20/80 (w/w).
In vivo study. The repeated single oral administration experiment was approved by the Unitika's IRB, and was carried out in full compliance with the principles of the Declaration of Helsinki. Six healthy volunteers (three men and three women) aged 35:8 AE 3:5 years (mean AE SD) were given 2.5 mg of -CRX (as free-form equivalent) orally, which derived from fresh Satsuma mandarin fruits, Satsuma mandarin juice, or emulsified -CRX formulation (ratio of free to esterified form = 20/80). Each trial ran for 49 h, with at least a week interval between trials. Volunteers were prohibited from eating -CRX-rich food, such as Satsuma mandarin, during the trial periods.
-CRX was ingested after breakfast, and serum was collected at baseline, 3, 6, 9, 25, and 49 h after administration. The subjects ate the same breakfast at the same time to eliminate any variability due to nutrient differences.
Serum -CRX was analyzed at each time point, together with the area under the blood concentration-time curve (AUC). Statistical differences between the emulsified extract from the Satsuma mandarin fruits and the Satsuma mandarin juice were evaluated by the Bonferroni method, and p < 0:05 was defined as statistically significant.
Cell culture and in vitro absorption study. Human intestinal epithelial Caco-2 cells were seeded in 6-well flat-bottom plates at a density of 4 Â 10 5 cells/well. The cells were incubated at 37 C under 5% CO 2 for 14 d, and were differentiated into small intestinal epithelium-like cell monolayers. The Caco-2 monolayers were rinsed and incubated in HBSS (Sigma, St. Louis, MO) at 37 C. After 30 min of incubation, the medium was changed to one containing 1 mM -CRX (as free-form equivalent) derived from Satsuma mandarin juice or the emulsified formulation. The cells were then incubated for 2 h in the dark, and the -CRX that accumulated was extracted and quantified by HPLC.
Free (synthetic) and esterified (purified from mandarin extract by Sep-Pak) -CRX were dispersed in HBSS with 0.01% polyglyceryl fatty acid ester (M-10D; Mitsubishi Chemical Foods, Tokyo) and added to cell culture media at a concentration of 1 mM. The media containing free or esterified -CRX was used on the cells, and the amounts of -CRX accumulating in the Caco-2 cells under the two conditions were compared.
Statistical analysis. All data are shown as mean AE SD. Data were analyzed by Student's t-test, and p values of <0:05 were considered statistically significant.
Results
Serum transfer of orally administrated -CRX Serum transfer of -CRX derived from various sources was examined by in vivo studies in humans. Figure 2 shows the level of serum -CRX compared to the baseline after oral administration of 2.5 mg of - Upper and lower structures indicate -CRX in free and esterified forms respectively. About 80% of the -CRX derived from the Satsuma mandarin was in esterified form, mostly laurate (n ¼ 10), myristate (n ¼ 12), and palmitate (n ¼ 14). CRX (ratio of free to esterified form = 20/80) derived from the various sources. Oral administration of emulsified -CRX resulted in fastest transfer to the serum. Statistical analysis indicated that the transfer of emulsified -CRX extract was significantly higher than the transfer of -CRX from Satsuma mandarin fruits or Satsuma mandarin juice, especially in the first 9 h following administration. Emulsified -CRX also maintained higher serum -CRX levels than -CRX from the Satsuma mandarin juice or the Satsuma mandarin fruits. Figure 3 shows the AUC in order to evaluate the bioavailability of -CRX from the various sources. The AUC, calculated from emulsified -CRX (Fig. 2 ) was 1.6 times and 1.8 times higher than that of the Satsuma mandarin juice and the Satsuma mandarin fruits respectively. Statistical analysis indicated that the AUC of the emulsified -CRX was significantly higher than that of the -CRX from the other sources, suggesting that -CRX in the emulsified formulation was much more bioavailable than that derived from the Satsuma mandarin juice or the fruits.
-CRX incorporation into the Caco-2 cells -CRX incorporation into the human intestinal epithelial Caco-2 cells was examined. Figure 4 shows the relative incorporation of -CRX (free and esterified forms) when Satsuma mandarin juice or the emulsified -CRX formula was added to the cells. Emulsified -CRX was incorporated into cells at a rate 5 times higher than -CRX from the Satsuma mandarin juice. We also found that the ratio of free to esterified -CRX in the emulsified -CRX was altered after incorporation into the Caco-2 cells, while the ratio did not change for the -CRX from the Satsuma mandarin juice. Figure 5 shows the composition of free and esterified forms of -CRX before and after incorporation into Caco-2 cells. Free -CRX was about 20% of the total -CRX in both the Satsuma mandarin juice and the emulsified -CRX. In the case of the Satsuma mandarin juice, the ratio of free -CRX extracted from Caco-2 cells was not changed after incorporation into the cells. In contrast, free -CRX increased to 43% when emulsified -CRX was used, a 2-fold increase over the -CRX from the Satsuma mandarin juice.
To examine the effect of the emulsifier, the Caco-2 cells were incubated with free -CRX (synthetic) or esterified -CRX (purified from the extract), in the presence and the absence of emulsifiers. As shown in Fig. 6 , cellular incorporation of both esterified and free -CRX increased in the presence of the emulsifiers, but the magnification ratios were quite different. Emulsifiers doubled the incorporation of esterified -CRX into the Caco-2 cells, while the incorporation of the free form increased 15 times in the presence of the emulsifiers. This indicates that the emulsified formulation increased -CRX absorption, especially for the free -CRX form.
Discussion
-CRX is a non-abundant carotenoid that is found only in a few foods.
12) The Satsuma mandarin, a very popular fruit in Japan, is one of the richest sources of - CRX. Although the Satsuma mandarin is rich in -CRX (1.8 mg/100 g fruit at maximum), the content is lower than the amount of -carotene in a carrot (7.7 mg/100 g) or of lutein in spinach (10.2 mg/100 g). Despite low -CRX consumption, it is still detectable in human serum, not only in the Japanese population, but also in the Western population, 17, 18) suggesting that -CRX is highly bioavailable.
In this study, we found that the bioavailability of -CRX varied depending on the source (Figs. 2 and 3) . We also found that -CRX in the emulsified formulation was likely to be more bioavailable than that from the Satsuma mandarin fruits or juice. To study this phenomenon further, we conducted in vitro absorption studies using human intestinal Caco-2 cells. Consistently with our in vivo data, emulsified -CRX was incorporated into Caco-2 cells 5 times more effectively than the -CRX from the Satsuma mandarin juice (Fig. 4) . We also found an increase in the amount of free -CRX after incorporation into Caco-2 cells (Fig. 5) . Non-esterified (free form) -CRX constitutes approximately 20% of the total -CRX in this fruit. This ratio did not change when -CRX from the Satsuma mandarin juice was incorporated into Caco-2 cells, but it did increase to 43% in the case of the emulsified extract. This indicates two possible mechanisms to explain the difference: preferential absorption of free -CRX, and accelerated conversion from esterified -CRX to free -CRX during incorporation into Caco-2 cells.
We did another experiment to determine whether esterified -CRX is converted to free -CRX after emulsification. Conversion to the free form was not observed with -CRX esters (Fig. 6) , suggesting that preferential acceleration of free -CRX incorporation into Caco-2 cells was the mechanism of enhanced absorption of -CRX due to emulsification.
Takeda et al. have reported that a combination of mayonnaise and carrot might be an efficient way to raise postprandial serum -carotene concentrations in humans. 19) Although the details of the mechanisms were not mentioned, they suggested that O/W emulsification contributes to absorption efficiency. The effect of esterification on the emulsifier-mediated absorption of carotenoids, however, was not discussed, becausecarotene does not have an esterified form.
Dhuique-Mayer et al. assessed the bioaccessibility of -CRX using in vitro digested citrus juice and the Caco-2 model, finding preferential uptake of free -CRX by Caco-2 cells as compared to esterified -CRX. 20) This, taken together with our findings, suggests that free -CRX is absorbed primarily from the intestinal tract, especially in the presence of emulsifiers, but it remains unclear why emulsifiers can modulate the absorption of free -CRX to a greater extent than esterified -CRX.
Following oral ingestion, carotenoids are dissolved in mixed micelles, absorbed through intestinal epithelial cells, incorporated into chylomicrons, transferred to lymphatic vessels, and finally circulated throughout the body. [21] [22] [23] Research has suggested that intestinal incorporation of carotenoids occurs through simple diffusion because carotenoids are very lipophilic, but the details of the mechanism are not fully understood. Several studies of the absorbability of carotenoids have been done using Caco-2 cells, and they suggest a correlation between absorption and the chemical structure of carotenoids. [24] [25] [26] Another study found that all-trans -carotene is incorporated into Caco-2 cells more readily than the cis-isomer, suggesting that the involvement of the steric structure in absorbability. 27) Recent reports indicate that carotenoids can be incorporated via the scavenger receptor class B, type 1 (SR-BI)-mediated pathway. [28] [29] [30] During et al. reported anti-SR-BI antibody inhibit the -carotene transfer from the apical side into the Caco-2 cell and basolateral medium. 31) They also reported that ezetimibe, an inhibitor of cholesterol transporter, inhibited the carotenoid incorporation into the Caco-2 cells, and the inhibition is much effective on -/-carotene than -CRX. These indicate that SR-BI-mediated absorption is not the primary mechanism of the incorporation of -CRX. It is likely that most -CRX incorporation occurs through simple diffusion of mixed micelles. This suggests that agents that can affect the formation or stability of micelles, such as emulsifiers, can affect the absorption of -CRX. The fatty acid chain of esterified -CRX might also affect the size and stability of the micelles, as well as the interaction between lipid bilayers of the cell membrane and the micelles. This can explain the difference in the incorporation of the two forms of -CRX into Caco-2 cells and the response to the emulsifiers.
Evidence supporting the health benefits of -CRX is accumulating. -CRX is less abundant than other carotenoids, such as -carotene, lutein, and lycopene. Therefore, improving the bioavailability of -CRX using emulsifiers should be helpful in industrial applications of -CRX as a health-promoting functional ingredient.
